The widely accepted oxidative stress theory of aging postulates that aging results from accumulation of oxidative damage. Surprisingly, data from the longest-living rodent known, naked molerats [MRs; mass 35 g; maximum lifespan (MLSP) > 28.3 years], when compared with mice (MLSP 3.5 years) exhibit higher levels of lipid peroxidation, protein carbonylation, and DNA oxidative damage even at a young age. We hypothesize that age-related changes in protein structural stability, oxidation, and degradation are abrogated over the lifespan of the MR. We performed a comprehensive study of oxidation states of protein cysteines [both reversible (sulfenic, disulfide) and indirectly irreversible (sulfinic/sulfonic acids)] in liver from young and old C57BL/6 mice (6 and 28 months) and MRs (2 and >24 years). Furthermore, we compared interspecific differences in urea-induced protein unfolding and ubiquitination and proteasomal activity. Compared with data from young mice, young MRs have 1.6 times as much free protein thiol groups and similar amounts of reversible oxidative damage to cysteine. In addition, they show less urea-induced protein unfolding, less protein ubiquitination, and higher proteasome activity. Mice show a significant age-related increase in cysteine oxidation and higher levels of ubiquitination. In contrast, none of these parameters were significantly altered over 2 decades in MRs. Clearly MRs have markedly attenuated age-related accrual of oxidation damage to thiol groups and age-associated up-regulation of homeostatic proteolytic activity. These pivotal mechanistic interspecies differences may contribute to the divergent aging profiles and strongly implicate maintenance of protein stability and integrity in successful aging.
T he naked mole-rat (MR; Bathyergidae; Heterocephalus glaber), is the longest-living rodent known with a maximum lifespan (MLS) of Ͼ28.3 years (1). Evolving in a protected underground milieu, extrinsic mortality is low and this mousesized (35 g ) rodent lives 8 times longer than laboratory mice. MRs have a similar longevity quotient [LQ ϭ 5; i.e., ratio of observed MLS to that predicted by body mass (2) ] to that of humans, another very long-living mammal. MRs show many signs of attenuated aging (3); they exhibit no age-related changes in body composition, physiology, and molecular function from 2 to Ͼ20 years (4) (5) (6) . Old animals (Ͼ24 years; Ͼ85% MLS), nevertheless, can be differentiated on sight in that they are less active and have a thin translucent parchment-like skin (1) . These data support the premise that the MR is an excellent animal model for studying molecular and biochemical mechanisms involved in successful slow aging and sustained health span (7) .
The oxidative stress theory of aging predicts that differential rates of aging among species may be caused by inherent differences in oxidative damage accrual (8) . Although widely accepted (9) (10) (11) (12) , there are a growing number of exceptions to this theory, often contingent on the specific species, strain, and/or tissue under investigation (7, (13) (14) (15) . Data from long-lived species (such as birds, bats, and MRs), and transgenic mice with altered expression of antioxidants, commonly suggest that oxidative damage is not directly correlated with MLS (15, 16) . The MR is one of the notable exceptions to the oxidative stress theory of aging (7, 14, 17, 18) . It has similar levels of reactive oxygen species (17, 18) and antioxidant defenses (19) when compared with shorter-living rodents; however, even at a young age it exhibits higher levels of lipid peroxidation, protein carbonylation, and DNA oxidative damage than do mice (14) . These measures of oxidative stress do not change with age (20) . In addition, MR cells appear to be inherently protected from most types of cytotoxic insults, maintaining greater viability than other rodents (17, 21) . These data suggest that the oxidative damage, per se, may not effect longevity, but rather resilience to damage and the mechanisms facilitating this may be a far more important determinant of aging.
Proteins are one of the prime targets for oxidative damage (22) , and cysteine residues are particularly sensitive to oxidation because the thiol group in cysteine can be oxidized to both reversible [sulfenic acid (SOH), disulfide bond formation (SOS)] and irreversible oxidative states [sulfinic (SO 2 H) and sulfonic acids (SO 3 H)] (23, 24) . Cysteine residues are important physiologically because they are often found at catalytic and regulatory sites in proteins and enzymes (24) . The thiol groups in cysteines are strongly buffered against oxidation by keeping the internal cellular environment in a relatively reduced state (25, 26) . However, these intracellular conditions may change with age. Redox ratios in plasma reportedly decrease with age in humans (27, 28) , increasing vulnerability of thiol groups to oxidative damage.
Chronic oxidative stress may lead to protein misfolding. The intricate tertiary-folded structure of proteins is maintained with the assistance of various heat shock proteins and molecular chaperones (29) . Impairment of functional structure can accelerate formation of toxic protein oligomers or aggregates that contribute to pathologies commonly observed in neurodegenerative diseases such as Alzheimer's, Parkinson's, and Huntington diseases (30) . Thus, we hypothesize that attenuated accumulation of oxidized proteins and maintenance of protein structural stability may be important determinants for slow aging.
In this article, we test this hypothesis by determining whether MRs, when compared with shorter-lived mice, (i) exhibit attenuated age-related changes in protein oxidation (e.g., cysteine oxidation), (ii) have proteins that are more resistant to ureainduced unfolding, and (iii) maintain protein homeostasis as measured by ubiquitination and proteasome activity with age. We report that when compared with mice MRs show (i) no age-related changes in cysteine modification (from reversible to irreversible oxidation state), (ii) resistance to protein unfolding, and (iii) attenuated accumulation of ubiquitinated proteins and sustained proteasomal function during aging. Our comparative findings elucidate a key mechanistic difference that may contribute to disparate longevity among species and strongly implicate maintenance of protein stability in successful aging.
Results
Attenuated Age-Related Changes in Cysteine Oxidation in MRs. The thiol group in cysteine is sensitive to oxidation and exhibits various oxidation states, including reversible and irreversible states. We have developed 3 distinct fluorescence-based assays to quantify the various states of cysteine oxidation; 2 measure reversible states (disulfide and sulfenic acid) (31) and the third measures total cysteine and indirectly indicates the levels of irreversible oxidation [sulfinic/sulfonic/others (23, 32) ] that we have used in liver tissues of young and old MRs and mice. The disulfide content detected in young MRs tends (P Ͼ 0.07) to be higher than that found in young mice (Fig. 1A) . Disulfide content in mouse liver proteins is elevated (Ϸ28%; P Ͻ 0.05) with age, whereas age-associated accumulation is not evident in MR samples.
Similarly, sulfenic acid in MR is unchanged with age, whereas in mice it increases with age (Fig. 1B) . These results show that reversibly oxidized cysteine groups accumulate over a 1.7-year period in mice, whereas age-related accrual is absent over a 25-year interval in MRs.
We also measured total cysteine and indirectly the levels of the irreversible oxidized products of cysteine (ϪSO 2 H/ϪSO 3 H) (32, 33) . Because the fluorescent thiol alkylating agent [6-iodoacetmidofluorescein (6-IAF)] we use binds selectively to ϪSH groups and not to oxidized thiols, a lower fluorescence signal (thus lower levels of incorporation of 6-IAF to the thiol group) indicates increased levels of irreversible oxidation. Young MRs have a 1.6-fold more total cysteine than do young mice (Fig. 1C) that is sustained over the 24-year age interval in our MR samples (Fig. 1C ). This titer decreases significantly (Ϸ12%) with age in mice, indicative of an overall increase in irreversibly oxidized cysteine residues (Fig. 1D) . Lack of agerelated changes over a 24-year period in either reversible or irreversible cysteine oxidation suggests that MRs have evolved efficient means of maintaining protein thiols.
Proteins from MRs Are Resistant in Vitro Unfolding. Cysteine thiol groups are critical components for structural maintenance of proteins (24) . Because we observed marked interspecies differences in levels of thiol modification, we questioned whether they may influence the stability and structural state of proteins by measuring the relative resistance of proteins to urea-induced unfolding. Urea-induced denaturation exposes the hydrophobic pockets on the surface of proteins. Hydrophobic sites can be photolabeled by the apolar fluorescent probe 4,4Ј-dianilino-1,1Ј-binaphthyl-5,5Ј-disulfonic acid (BisANS). The intensity of BisANS fluorescence is indicative of the number of hydrophobic pockets exposed and thereby changes in protein conformation can be monitored (34) . No significant differences in the fluorescence intensity of untreated (baseline) liver protein samples are evident both among species and with age, although levels of fluorescence tend to be higher in MRs samples than in mice ( Fig.  2A) . We set these species baseline levels arbitrarily to 100% when testing changes in fluorescence intensity in response to ureainduced unfolding. Increasing concentrations of urea (from 0 to 3 M) result in greater exposure of hydrophobic sites. BisANS incorporation peaks at 1 M and thereafter declines, indicating that surface hydrophobic pockets have collapsed because of denaturation induced by excessively high levels of urea (Fig. 2B) . We therefore assessed both interspecies differences and age effects at a urea concentration of 1 M. At this concentration, the young mouse proteome shows more than twice as much BisANS incorporation as that of young MRs, indicating that MRs are more resistant to urea-induced unfolding (Fig. 2B) . Age-related interspecific differences are also evident (Fig. 2C) . Old MR samples show only a 50% increase in fluorescent intensity after 1 M urea treatment, whereas the old mouse proteome exhibited a 220% increase from basal levels. Clearly the MR proteome is significantly more resistant to unfolding and even 26-year-old MRs are better able to maintain protein homeostasis than can young mice.
We assessed whether resistance to urea-induced protein unfolding is accompanied by sustained protein function by measuring the activity of a key glycolytic enzyme, GAPDH when liver samples are treated with 1 M urea. We specifically chose this enzyme because its catalytic site has critical thiol groups that are vulnerable to unfolding (35) . Activity of GAPDH decreased by 40% with age (4 months-2 years) in mice, whereas it was sustained (P Ͼ 0.24) over a 24-year period in MRs (Fig. 2D) . After urea treatment specific activity of GAPDH declined to similar very low levels in both young and old mice. Both young and old MRs showed only a 40% decline and maintained a significantly higher level of activity than observed in mice. These data show that proteins of MRs are extremely resilient and effectively maintain both structure and function when faced with unfolding stressors.
Age-Related Increase in Protein Ubiquitination Is Diminished in MRs.
Polyubiquitination is the rate-limiting step for degradation of the oxidized/misfolded proteins by proteasome (36) . We measured relative amounts of protein ubiquitination by Western blot analyses. Ubiquitin levels in young mice and MR were similar (P ϭ 0.09) (Fig. 3A) . Levels increased with age in mice, whereas no age-related changes from 2 to 26 years were evident in MR samples (Fig. 3B and Fig. S1 ). Absence of age-related accumulation of oxidized thiol groups and ubiquitinated proteins in MR most likely reflects rapid removal of oxidized and/or misfolded protein in this species.
We measured age-related changes in 20S proteasomal chymotrypsin-like activity (CLPA) in liver proteins from young and old by fluorescent-labeled substrate cleavage. Rates of activity were normalized to protein levels of 20S (Fig. 3C and refs. 37 and 38). 20S protein content did not change with age in either species (Fig. 3C) . CLPA tended to be greater in young MR than in young mice (P ϭ 0.12), but was significantly greater (P ϭ 0.05) in old MRs relative to old mice (Fig. 3D ).
Discussion
Our data show that MR protein structure and integrity are better maintained during aging than that of mice. There are 4 salient findings in this study. When compared with mice MRs show (i) higher levels of total cysteine, (ii) no age-related change in cysteine oxidation over Ͼ2 decades, an exceptionally long period for a mouse-sized rodent, (iii) remarkable resistance to protein unfolding, and (iv) lower levels of protein ubiquitination and higher levels of CLPA.
It is an intriguing observation that the proteome of MRs exhibits such high levels of cysteine (Fig. 1C) . We do not know with certainty the functional significance of this finding; for cysteine-rich proteins tend to be more vulnerable to oxidation. However, it is unlikely that the MR proteome differs this much from that of other rodents, especially because we routinely and mostly successfully use commercially available antibodies for protein analyses. More likely certain cysteine-rich proteins are in great abundance in MRs; indeed MRs have more cysteine-rich GST (3-fold) and GSH (1.4-fold) than mice (Fig. S2 A) , suggesting that detoxification processes are more enhanced in these animals. An alternate plausible explanation may be that the larger cysteine content shields the critical domains of proteins (such as the catalytic or ligand binding sites) from oxidation and thereby contributes to better maintenance of protein structure and function. If this were indeed true, it is possible that inherent cysteine content may serve as a determinant of longevity. A comprehensive comparative proteomic study of cysteine content of soluble proteins from animals with disparate longevity could test this hypothesis. Mice show a 12% decline in total cysteine with age, pinpointing accrued irreversible cysteine oxidation. We and others have shown that oxidation is not random and rather attacks specific proteins. GAPDH is particularly susceptible to oxidation (32, 35) ; for example a 16% change in disulfide content of the entire mouse proteome is associated with a 36% decline in age-related GAPDH activity. Thus, even small changes in oxidative damage in the whole proteome may lead to biologically significant decreases in the myriad of activities regulated by cysteine-rich proteins. Knowing that cysteines are found at the catalytic and regulatory domains of many proteins, a 12% increase in irreversible oxidation in cysteine may lead to inactivation of critical enzymes that participate in redox regulatory pathways, such as inflammation, metabolism, or apoptosis, all of which change during aging.
Although oxidative damage of MRs at a young age is higher than that of mice, high steady-state levels of both irreversible and reversible oxidative damage are maintained throughout life. Mice, however, show pronounced age-related increases in protein damage and concomitant decrements in function. Lack of age-related changes in oxidative damage in MRs implies that thiols in MR proteins are better protected from oxidation than those of mice. Lack of age-related increases in cysteine oxidation provide some support for the oxidative stress theory of aging, although extremely high steady-state levels exceeding those of very old mice lead us to question the role of oxidative damage in lifespan determination. High steady-state levels of protein oxidation imply that MRs have a high tolerance threshold of oxidation before induced damage affects functionality. Only when this threshold is exceeded do MRs expend energy in removing oxidative moieties. One possible reason MRs tolerate such high levels of damage even at a young age may be caused by the inherent structural stability of MR proteins. The greater cysteine content in the MR proteome may shield critical peptides and contributes to their resistance to unfolding and better maintenance of protein structure and function.
Our data examining the relationship between structure (BisANS) and activity for GAPDH clearly demonstrate that MRs are better able to maintain their protein structural and functional integrity than can mice (Fig. 2D) . Interestingly, Western blot analysis of GAPDH showed that MRs have 10 times less GAPDH than mice in liver protein homogenates. It is unlikely that this order of magnitude difference reflects interspecies differences in GAPDH antibody affinity as we used a highly conserved peptide sequence (residues 317-334) from the C-terminal region of human GAPDH to raise the antibody used in this study. Despite the lower level of GAPDH expression in MR liver, activity is high and the catalytic domain of the MR enzyme is structurally better protected than that of mice, as indicated by the 2.5-fold difference in functional inactivation after 1 M urea treatment (young mouse 90% and young MR 40% decline). Old mice show very low levels of GADPH activity even in the absence of urea treatment, and these decline even further (40%) after urea treatment. This decreased sensitivity to urea compared with young mice may reflect that proportionately more of the GAPDH is lesioned in the old animal. The similar protein content of GAPDH in young and old mice coupled with the marked decline in basal activity in the old cohort support the premise that only a fraction of this enzyme is biologically active.
No age-related change in activity or protein content was evident in MRs with or without urea treatment.
Resistance to unfolding and concomitant maintenance of functionality of MR proteins may indicate superior molecular chaperone activity and thus better protein protection. However, Western blot analysis of Hsp70 and Hsc70 levels in liver homogenates showed no interspecies or age-related difference in MRs. It is possible that there may be alternate, as yet unidentified, specific sets of chaperones in the MR and other long-living species that provide superior protection by facilitating structural stability and protecting proteins from unfolding and aggregating. An alternative explanation is that MRs have a better repair system for proteins that could also explain the sustained steady state of protein oxidation with age. Surprisingly, our data based on levels of 2 key repair proteins (methionine sulfoxide reductase A and glutaredoxin) do not support this premise (Fig. S2 B and C) . Rather, more efficient removal and replacement of damaged proteins may contribute to augmented protein stability.
Resistance to unfolding may also reflect interspecies differences in structural composition that render MR proteins more stable in a reducing environment. Because we used a total protein liver homogenate in tour assays, this seems most unlikely, for if true it would suggest that many, if not most, MR proteins must have a radically different protein structure. Alternately proteins could appear to be more stable if the cellular degradation machinery more rapidly and effectively removed those proteins that become misfolded or oxidized. In this case, proteasome activity and thus protein turnover would be high. Future studies need to examine age-related interspecific differences in rates of protein turnover, because this, too, may be critical to disparate species longevity.
MRs have substantially lower levels of ubiquitinated proteins than mice. It is unlikely that this reflects interspecies differences in ubiquitin antibody affinity because ubiquitin is one of the few proteins that is highly conserved across the animal kingdom with only 2-3 amino acid sequence differences across vertebrates and invertebrates (39) . Further, because we observed intraspecific age-related changes in ubiquitination in both species, we can rule out species differences in protein recognition. Rather, it is more likely that low ubiquitination levels in both young and old MRs reflect less oxidized (40) or misfolded protein awaiting proteasomal degradation than in mice. Further support of this premise is the higher proteasome activity in MRs compared with mice and the 1.5-fold age-related increase in MR proteasome activity, facilitating increased damage removal, should age-related increases in translation errors prevail. These low levels of ubiquitination coupled with higher proteasome activity reveal that old MRs are able to better maintain their proteasome, and that old MRs must also exhibit a higher protein turnover than do old mice and can thereby better maintain protein homeostasis.
Collectively, our results strongly suggest that enhanced protein homeostasis coupled with tightly modulated protein-redox state may contribute significantly to the exceptional longevity of MRs and may be critical determinants for the observed abrogated aging in this species.
Materials and Methods
Animals. Wild-type C57BL/6 mice were fed ad libitum a standard NIH-31 chow and maintained in microisolator cages on a 12-h dark/light cycle. MRs were from the well-characterized colonies maintained in R.B.'s laboratory at the University of Texas Health Science Center. The ages of the young and old animals used for this study were between 4 and 6 months and 26 -28 months for mice and 2-4 years and 24 -28 years for MRs. Animals were killed after anesthesia, and the liver tissue was immediately excised and placed on liquid nitrogen. All procedures involving animals were approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center and the subcommittee for animal studies at Audie L. Murphy Memorial Veterans Hospital (San Antonio, TX).
